Abstract The objective of this research was to evaluate the biodegradation of chloroform by using biotrickling filter (BTF) and determining the dominant bacteria responsible for the degradation. The research was conducted in three phases under anaerobic condition, namely, in the presence of cometabolite (phase I), in the presence of cometabolite and surfactant (phase II), and in the presence of surfactant but no co-metabolite (phase III). The results showed that the presence of ethanol as a co-metabolite provided 49% removal efficiency. The equivalent elimination capacity (EC) was 0.13 g/(m 3 h). The addition of Tomadol 25-7 as a surfactant in the nutrient solution increased the removal efficiency of chloroform to 64% with corresponding EC of 0.17 g/(m 3 h). This research also investigated the overall microbial ecology of the BTF utilizing culture-independent gene sequencing alignment of the 16S rRNA allowing identification of isolated species. Taxonomical composition revealed the abundance of betaproteobacteria and deltaproteobacteria with species level of 97%. Azospira oryzae (formally dechlorosoma suillum), Azospira restrica, and Geobacter spp. together with other similar groups were the most valuable bacteria for the degradation of chloroform.
Introduction
Disinfection by-products (DBPs) are formed as the results of the reaction of free chlorine and a series of complex organic precursors (Li and Blatchley 2007) . Many DBPs are carcinogens or have been known to cause other health risks (Durmishi et al. 2015) . The precursors forming DBPs range from natural occurring humic and fulvic material to anthropological contaminants that persist in treated water (Richardson et al. 2010) . The highest concentrations of DBPs detected in drinking water constitute trihalomethanes (THMs) where chloroform is the major component (Durmishi et al. 2015) . The International Agency for Research on Cancer (IARC) has determined that chloroform is possibly carcinogenic to humans (ATSDR 2015) . Under the Safe Drinking Water Act (SDWA), the United States Environmental Protection Agency (USEPA) establishes a Maximum Contaminant Level (MCL) of 70 ppb for chloroform (USEPA 2016) . Several physical and chemical removal methods such as adsorption, advanced oxidation (Shemer and Narkis 2005) , and air stripping (Clark et al. 1994 ) are used to treat chloroform. Chloroform is a volatile organic compound (VOC) that readily evaporates to the atmosphere from treated water surfaces through air stripping (Houel et al. 1979) . Hence, the need for innovative control technology is becoming more enviable. In this research, biological treatment was used to treat the off-gas chloroform by biotrickling filters (BTF).
Most of the research on the biological treatment of chloroform has been limited to batch liquid phase processes at wastewater treatment plants or hazardous waste disposal sites (McCulloch 2003) . studied the effect of gas residence time on the aerobic biodegradation of nine VOCs including chloroform. In their study, they observed that chloroform showed lower removal efficiency compared to other compounds for longer empty bed residence time of 3 min . However, under anaerobic conditions, chloroform could undergo a reductive biotransformation by pure cultures of methanogens (Egli et al. 1987; Yu and Smith 1997) , acetogenic bacteria (Egli et al. 1988) , sulfate-reducing bacteria (Egli et al. 1990) , and ironreducing bacteria (Egli et al. 1990; Picardal et al. 1993) producing partial dehalogenation and mineralization (Yu and Smith 1997; Egli et al. 1988 Egli et al. , 1990 Picardal et al. 1993) . Highly chlorinated atoms are good electron targets for anaerobes since chlorine atoms block the activity of oxygenase. Thus, biological techniques have resulted in either partial dechlorination of chloroform to dichloromethane (Egli et al. 1990; Novak et al. 1998) or complete mineralization to methane and carbon dioxide (Egli et al. 1990; Mikesell and Boyd 1990; Becker and Freedman 1994) . Although most studies show successful biodegradation of chloroform in the liquid phase, there has been limited reported work on the use of biofiltration for the removal of chloroform from gaseous streams. Biofiltration is one of the proven technologies for removing VOCs from high volume stream as it is environmentally friendly, cost-effective, and releases fewer byproducts . The use of aerobic biofiltration technique has been reported for the biotreatment of chloroform with other mixtures of different VOCs Balasubramanian et al. 2012) . have shown the degradation potential of nine VOCs including chloroform and found the highest removal was for toluene (99%) and the lowest removal was for chloroform (89.4%). Similarly, Balasubramanian et al. (2012) evaluated the biodegradation of chloroform along with a mixture of VOCs commonly found in pharmaceutical emissions, using a biotrickling filter (Balasubramanian et al. 2012) . Their study showed that increasing the rate of chloroform loading significantly reduced the degradation efficiency of the reactor for the mixture of VOCs. The increase in chloroform loading rate from 14.22 to 55.83 g/(m 3 h) and further to 107.85 g/(m 3 h) affected the efficiency of both chloroform as well as the other VOCs (Balasubramanian et al. 2012) . However, there has been a limited research work reported on the use of anaerobic BTF for the removal of chloroform from the gas phase at low concentration. Multiple investigations have been performed on co-metabolism, specifically for the treatment of trichloroethylene (TCE) contaminated air using BTF. Chlorinated compounds can be degraded by using a more easily biodegradable non-chlorinated hydrocarbon serving as a co-metabolite (Balasubramanian et al. 2012) . Biofilters using methane, butane, propane, propylene, phenol, toluene, or ammonia as a co-metabolite have shown success in the treatment of TCE (Mahon 2013) . Mahon (2013) observed a 25% destruction of TCE by feeding both the propane and the TCE into the biofilter (Mahon 2013) .
Chloroform is a halogenated compound and recalcitrant to biodegrade. As halogenated organics, its halogen bond can significantly affect the biofiltration process (Leson and Winer 1991) . Hence, the biodegradation of higher order chlorinated volatile compounds like chloroform occurs mostly under co-metabolic conditions in the presence of primary substrates such as methane, propane, phenol, and toluene (Kim et al. 1997; Cappelletti et al. 2012) .
Surfactants can be introduced in the biofiltration system as means for enhancing solubility. Non-ionic and anionic surfactants have been extensively studied to enhance mobilization and bioavailability of hydrophobic compounds in contaminated soils and sediments (Mulligan et al. 2001) . The utilization of surfactant increases the solubility which will lead to overcoming the rate limiting step (Hassan and Sorial 2008) . Researchers have found that addition of anionic SDS and non-ionic (Triton X-100, Terpinol NPX, Brij 35, and Igepal CA-720) surfactants stimulated polycyclic aromatic hydrocarbon (PAH) biodegradation in the liquid phase (Tiehm 1994; Volkering et al. 1995; Boonchan et al. 1998) . However, there are limited studies where surfactant was used in gas phase biofiltration systems. The use of non-ionic surfactants (Tomadol 25-7, Brij 35, and Triton X-100) for enhancing n-hexane (Hassan and Sorial 2010) , toluene (Chan and You 2009) , and styrene (Song et al. 2012 ) degradation have been reported.
In the present work, an effort was made to evaluate the performance of anaerobic BTF for biodegradation of chloroform. The experimental plan was designed to operate the BTF in the presence and absence of co-metabolite and surfactant at different phases. The research also included the application of molecular tools for characterization of the microbial community diversity throughout the BTF. The BTF was used for the continuous removal of gaseous chloroform at three different phases and to gain an insight into the effects of halorespiration for dehalogenation of chloroform. The change in the biodiversity of the bacterial community during the three phases helps to identify the most abundant bacterial populations responsible for the dehalogenation of chloroform during the operation of the BTF.
Materials and Methods

Materials
Chloroform was used as a model THM compound; ethanol-laden nitrogen gas stream was supplemented as co-metabolite and Tomadol 25-7 was used as a surfactant for the biodegradation. Chloroform with 99.8% purity was obtained from Fisher Scientific (Pittsburgh, 
Experimental Methods
Biotrickling Filter Bed Experiment
The experimental setup for BTF consisted of a cylindrical glass column with multiple sections providing a total length of 130 cm and an internal diameter of 7.6 cm. A schematic setup of the experimental system is shown in Fig. 1 . The mid-portion of the column was packed with pelletized diatomaceous earth biological support media, to a depth of about 60 cm long (Celite® 6 mm R-635 Bio-Catalyst Carrier; Celite Corp., Lompoc, CA). The BTF was operated in a co-current mode where chloroform and co-metabolite-laden gases and liquid nutrient solution were introduced into the column from the top. The gas flow was controlled with two mass flow controllers (Sierra Instruments). The growth media of essential nutrients and vitamins were prepared with medi-
.12 mg/L nicotinic acid (98%), 0.12 mg/L pantothenic acid Ca-salt hydrate (98%), 0.24 mg/L pyridoxine hydrochloride (98%), 0.12 mg/L riboflavin (98%), 0.12 mg/L thiamine hydrochloride (99%), and 0.12 mg/L thioctic acid (98%). The composition of the nutrient solution was similar to the one used by Atikovic et al. (2008) and Wu et al. (2015) .
The BTF was seeded with methanogenic microorganisms and maintained at 35°C. Initially, these bacteria were obtained from nutrient enriched solution kept under a blanket of nitrogen gas that was acclimated in our lab to chloroform in a 4-L amber batch reactor for 2 months. The chloroform feed was step-wise increased from 5 to 50 ppmv within the 2-month period. This inoculum was mixed in the ratio of 1:1 with other methanogenic bacteria acquired from another bioreactor that was treating food waste prior to seeding the BTF. A mixture of chloroform and ethanol (co-metabolite) was continuously fed into the BTF in a flowing nitrogen carrier gas at a flow rate of 0.5 L/min with a corresponding empty bed residence time of 5 min. The nutrient solution buffered at pH 7 was fed intermittently to the BTF bed by a solenoid valve at a rate of 2.0 L/day. The presence of co-metabolite enabled treatment strategies that stimulated biodegradation of chloroform, which alone was not enough to provide the carbon or energy benefit to the microorganism. To further improve the removal efficiency of BTFs for chloroform degradation, a non-ionic surfactant (Tomadol 25-7) was used.
Analytical Methods
Gas and liquid samples were collected daily from the BTF system 5 days per week for the measurements of the ammonia -N the composition of feed and effluent gas/ liquid streams. The total number of samples collected for phases I, II, and III were 44, 97, and 95, respectively. Measurements of the effluent liquid pH and organic matter, the gas flow pressure drop across the bed, and operating temperature were taken. Gas phase samples were taken online from different points along the BTF column using an electrically controlled low-bleed eight-port Valco valve and analyzed by gas chromatograph. The samples were analyzed for chloroform, ethanol, and by-products such as methane and carbon dioxide. They were injected into GC-HP, Column: HP, 608, 30 m × 530 μm film thickness, injection splitless through 1 mL sample loop equipped with a flame ionization detector (FID). The GC oven was programmed isothermal at 60°C (2 min) ramped to 90°C at a rate of 10°C/min. The carrier gas (He) flow rate was set at 3.5 mL/min at constant flow rate. The FID was used with N 2 make-up gas at a flow rate of 30 mL/min and a fuel gas flow (H 2 ) of 40 mL/min. Retention time for chloroform was 3.8 min under the above conditions used. Levels of reaction products, such as carbon dioxide (CO 2 ) samples, were also taken automatically by GC HP-TCD from each sampling port in the BTF. The GC oven was programmed isothermally at 60°C (1 min), ramped to 115°C at 25°C/min. The carrier gas (He) flow rate was set at 3.5 mL/min, the TCD was used with N 2 make-up gas at a flow rate of 5 mL/min, and the fuel gas flow (H 2 ) was 30 mL/min and airflow was 400 mL/ min.
Liquid samples were collected from the effluent stream of BTF once a week and analyzed for volatile suspended solids (VSS) and total organic carbon (TOC). The samples were filtered through a 0.45-μm membrane filter (Whatman Co.) and analyzed for influent and effluent concentrations of ammonia, dissolved total carbon, dissolved inorganic carbon, and volatile suspended solids. The concentration of ammonia was determined using an ammonia electrode sensor. Dissolved total carbon and dissolved inorganic carbon content of the liquid samples were determined with a Shimadzu total organic carbon analyzer model TOC-L (Shimadzu Corp., Tokyo, Japan). The volatile suspended solid analysis was conducted by Standard Method 2540G (APHA 2005).
Microbial Community Molecular Analysis
Biofilm samples were collected from the BTF within the media as shown in Fig. 1 . The samples were taken from port 2 (first port from the top within the media) at the end of each phase before proceeding to the next phase. This method was previously done by other researchers (Zehraoui et al. 2014; Zhai et al. 2017) . The samples consisted of about five media pellets covered with biomass and placed in O 2 -free sampling tubes. All the samples collected were stored in a − 20°C freezer until being sent to a molecular research laboratory (Molecular Research LP Shallowater, TX) for biological analysis. The DNA of microbial mass in the samples was extracted using Mo Bio PowerSoil DNA (M Bio Lab, Inc., Carlsbad, CA) following manufacturer's instruction that includes cell breakage steps followed by the addition of detergents and high salt buffers and enzymatic digestion with lysozyme and proteases. For ion torrent sequencing, the 16S rRNA gene V4 variable region PCR primers 515/806 were used in a single-step 30-cycle PCR using the HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the following conditions: 94°C for 3 min, followed by 28 cycles (5 cycle used on PCR products) of 94°C for 30 s, 53°C for 40 s, and 72°C for 1 min; after which, a final elongation step at 72°C for 5 min was performed. Sequencing was carried out at Molecular Research LP (www.mrdnalab.com, Shallowater, TX, USA) on an Ion Torrent PGM following the manufacturer's guidelines. Sequence data were processed using a proprietary analysis pipeline. Sequences were first depleted of barcodes and primers, and those under 150 bp or with ambiguous base calls or with homopolymer runs exceeding 6 bp were removed. Operational taxonomic units (OTUs), which were defined by clustering at 3% divergence (97% similarity) (Dowd et al. 2008; Edgar 2010; Capone et al. 2011; Eren et al. 2011; Swanson et al. 2011) , were generated after denoising sequences and removing chimeras. The last OTUs were taxonomically classified using BLASTn against a database derived from RDPII (http://rdp.cme.msu.edu) and NCBI (www.ncbi.nlm. nih.gov) (DeSantis et al. 2006) .
Results and Discussion
Biotrickling Filter Performances
In this research, the effects of co-metabolite and surfactant on the performance of BTF were evaluated. Even though chloroform is a recalcitrant compound to biological transformation under conventional aerobic conditions, it can be transformed in the presence of a cometabolite under aerobic and anaerobic environments (Zitomer and Speece 1995) . The co-metabolite was mixed with chloroform stream to achieve higher removal efficiency by providing additional electron donor to the microorganisms. Anaerobic dehalogenation of chloroform has been observed by different researchers by using methanogenic microbes with electron donating co-metabolites in reductive chloroform biotransformation (Mikesell and Boyd 1990; Bagley and Gossett 1995; Bouwer et al. 1981; Krone et al. 1989) . Ethanol was used as a co-metabolite since it readily mixes with chloroform and water and is non-toxic to microbial community. In phase I, the BTF started up with chloroform influent concentration of 5 ppmv and ethanol concentration of 25 ppmv providing a corresponding chloroform loading rate of 0.27 g/(m 3 h). The operating conditions and different phases of operation are summarized in Table 1 . It is worth noting that the removal efficiency of ethanol was always above 98% for the given loading rate conditions studied. Therefore, emphasis is placed on the performance of the BTF on chloroform removal. Daily dehalogenation rate of the BTF was used to track the performance and robustness of the BTF. Figure 2 presents a statistical summary of the removal efficiency as a box plot at different loading rates. The lower boundary of the box denotes the lower quartile, a line within the box marks the median, and the boundary of the box furthest from zero indicates the upper quartile. Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles. The BTF was run for 44 days under the conditions of phase I, and the average removal efficiency for this phase was 49 ± 8%, which provided an average EC of Table 1 ). Chloroform is used as an electron acceptor by the reducing bacteria and dehalogenation was enhanced by adding electron donor supply. In previously reported studies, co-metaboliteassisted degradations of chloroform were all conducted in batch liquid phase reactions. Thus, there are limited studies on the use of co-metabolite for a continuous gas phase studies. Significant chloroform anaerobical degradation was obtained by Bouwer et al. (1981) in seeded cultures with initial concentrations at less than 100 ppb and observed over 90% removal efficiency in the presence of methanol. It was also observed that lower fractional degradation of chloroform was obtained as the initial concentration increased. Gupta et al. (1996) investigated the use of acetic acid as a co-metabolite for chloroform biotransformation and achieved more than 99% of removal efficiency in a methanogenic environment in a chemostat (Gupta et al. 1996) .
To further improve the dehalogenation of chloroform, a non-ionic surfactant was mixed with the nutrient feed solution. Hence, in phase II, a surfactant was added along with the co-metabolite. A biodegradable nonionic surfactant, Tomadol 25-7 was mixed with the nutrient solution to obtain a concentration of 75 mg/L that corresponds to 0.5 of the critical micelle concentration. It is worthwhile to note that the behavior of this BTF was very similar to the reported performance of nhexane trickle bed air biofilter using Tomadol 25-7 (Hassan and Sorial 2008) . The microorganisms utilize surfactants as substrates for energy and nutrients during biodegradation process (Ying 2006) . Phase II test was run for 97 days to give the microbes sufficient time to acclimate and attain a stable condition. The increased run time allowed the BTF more cell production and increase of biomass throughout the bed. As shown in Fig. 2 , this condition resulted in an increase of removal efficiency to 64 ± 8% with an EC of 0.17 ± 0.02 g/(m 3 h) ( Table 1 ). In a previous study, the use of Tomadol 25-7 improved the performance of BTF by doubling the elimination capacity for n-hexane, allowing a robust operation, and decreasing the fluctuation of the effluent stream n-hexane concentrations (Hassan and Sorial 2008) . The amounts of methane produced in our research, during phases I and II, were 0.15 and 0.25 mg/ day, respectively, which illustrated the more enhanced performance of the BTF in the presence of surfactant.
During phase III, the BTF was augmented with surfactant only without a co-metabolite. This phase has the same operating conditions as phase II and was run for 95 days. The removal efficiency was higher than that of phase I and the overall dehalogenation of chloroform was high in the absence of ethanol. The removal efficiency was 60 ± 7% with an EC of 0.16 ± 0.02 g/(m 3 h) (see Table 1 ). The methane production for phase III was 0.17 mg/day. The drop in the performance compared to the previous phase (II) could be due to the limitation of biomass growth as was depicted by measurements of VSS.
Dehalogenation Pathways and Kinetics for the Different Phases
The reductive dehalogenation of chloroform along the BTF was measured weekly by collecting gas samples from ports that are located at 7.6, 23, 38, 53, and 60 cm down from the top of the packed bed (i.e., ports 2-5 Fig. 1 ). During the reductive dehalogination process (see Supplementary data, Appendix A), the hydrodehalogenation and hydrogenation of chloroform can be hypothesized as in Fig. S1 (Supplementary data, Appendix B) . The kinetic analysis was conducted using the data from sampling ports within the media as there is a possibility of biodegradation on the top portion of the BTF above the media or at the bottom disengagement chamber used for separation of liquid and gas effluents. The chloroform concentrations in these samples along with the influent stream concentration were used to develop the transformation kinetics as a pseudo-first-order reaction rate based on a plug flow reactor model. The kinetic reaction rate constants were obtained from the slopes of the regression lines, from the following equation:
where t is time, C and C o are the effluent and the influent concentration, respectively, and k reaction rate constant (s −1 ). Figure 3 shows the reaction rate constant for the BTF for the three phases of reactions. The error bars represent the standard deviations of three replicas. The results in the figure show higher reaction rate of 0.002 s −1 was obtained for phase II as compared to phase I, whereas the reaction rate did not change significantly between phase II and phase III. The addition of surfactant prompted higher reduction rate constant. This could be due to the co-metabolism and dissolution effects of the surfactants that resulted in excess biomass retention within the BTF bed. As discussed in the performance section, these values correlated with efficiencies of the BTF for the different phases. The higher reaction rate was obtained due to the enhancement and improvement gained from the cometabolite and surfactant added to the system, which increased microbial activity within the biofilter bed. The results correspond well with the increase in chloroform removal efficiency during phases II and III.
Carbon Mass Balance
The cumulative CO 2 equivalent of for this research is presented in Fig. 4 . To study the carbon cycle within the bed for both the liquid and gaseous phases, all the carbon sources and products were measured. The influent consisted of gaseous concentrations of chloroform and Fig. 3 Reaction rate constants for chloroform in three phases. Three data sets have been collected per phase and the error bars represent the standard deviations. Phase I: chloroform with cometabolite (ethanol). Phase II: chloroform with co-metabolite (ethanol) and non-ionic surfactant. Phase III: chloroform with non-ionic surfactant ethanol, plus aqueous inorganic and organic carbon. The effluent included aqueous inorganic and organic carbon, a carbon equivalence of volatile suspended solids, gaseous carbon dioxide, gaseous methane, and a carbon equivalence of chloroform and ethanol concentrations. The CO 2 equivalence of all the carbon components was calculated in moles and a cumulative input and output CO 2 equivalence of carbon was plotted on sequential time (Fig. 4) . The carbon recovery obtained in this research was 63% with a standard deviation of 10% and similar carbon recovery was reported for n-hexane as a single VOC with surfactant (Hassan and Sorial 2010) . To avoid toxicity to the microbes, chloroform was supplied to the BTF at a relatively lower flow rate, which resulted in the lower recovery. The loss of influent and effluent carbon was produced as biomass within the BTF (Hassan and Sorial 2010) . This hypothesis is justified by comparing the loss of carbon to the amount of biomass accumulated within the bed. The cellular composition for typical heterogeneous anaerobic microorganisms is represented as C 4.9 H 9.4 NO 2.9 (Bruce and Perry 2001) . These compositions were used as the basis for relating the ammonia consumed in building up new biomass to estimate the amount of biomass retained within the BTF. A two-tailed t test was performed to compare the results of the carbon consumed and the biomass produced. The test generated a p value < 0.05 indicating that the difference between the carbon retained and the biomass produced was statistically significant, therefore, confirming that the loss of carbon within the BTF was utilized for biomass growth. It is worthwhile to note that the main carbon contributors to the carbon balance of BTF are the gas phase concentrations of the influent and effluent chloroform and ethanol concentration and effluent gaseous carbon dioxide and methane. The share of carbon in the liquid phase due to the amount calculated from volatile suspended solids and influent and effluent organic carbon in the aqueous phase could be considered negligible since the total aqueous carbon did not exceed 5% of the total carbon in the system.
Microbial Ecological Analyses and Correlation
As a microbial degradation process, biofiltration is based on the ability of microorganisms to degrade organic and inorganic compounds. Webster et al. (1997) studied the microbial ecosystems in compost and granular activated carbon biofilters and found out both biofilters are dominated by gram-negative bacteria (Webster et al. 1997) . Although gram-negative bacteria have been reported as the dominant bacterial community of some biofilters, few studies have been done on the microbial diversity of BTF (Bruce and Perry 2001; Webster et al. 1997) . Similarly, Amann et al. (1995) suggested that up to 99% of the microorganisms that are active in biofilters are not culturable by traditional cultivation methods (Amann et al. 1995) . Hence, in order to understand and analyze the microbial community structure and the diversity of the BTF during the dechlorination processes, molecular methods have been proven to be powerful tools for analyzing the diversity and structure of the microbiome (Fakruddin and Mannan 2013) . In this research, Ion Torrent system was used to examine the impact of the presence and absence of co-metabolite and surfactant on the bacterial community structure in the BTF. To get a high diversity of microbes, inocula usually come from digested activated sludge or previously cultivated microflora (Wagner et al. 2002) . Initially, in this research, microbes were acclimated from chloroform-based culture and methanogenic bacteria from food waste. Overall, the BTF bacterial communities consisted of mainly betaproteobacteria (45%) following deltaproteobacteria (19%), synergistia (8%), alphaproteobacteria (7%), and gammabacteria. Figure S2 (Supplementary data, Appendix C) is based on 97% identity of 16S rRNA gene sequences in class level. Table 2 shows dominant groups in species level (97% identity), their taxonomical class, potential metabolic role, and related receptors. The community dominant compositions were Azospira oryzae and Azospira restrica, Geobacter spp. and Geobacter sulfurreducens, Smithella spp., Azonexus spp., Aminobacterium spp., and Anaerobaculum mobile. Especially, A. oryzae, and A. restrica, Geobacter spp. and Smithella spp. were the main species in all the three phases. The prevalence of these species has also been reported previously from various microbial utilization and studies related to anaerobic biodegradation. A. oryzae (Hutchison et al. 2013 ) was reported for perchlorate remediation and Smithella spp. (Dolfing 2013) . Both have been studied in the biological removal of perchlorate and propionate anaerobically (Hutchison et al. 2013; Dolfing 2013) . Similarly, Anderson et al. (2003) reported that Geobacter species can be important agents for in situ bioremediation of uranium (Anderson et al. 2003) . Bae et al. (2007) studied about the species of A. restrica and found out that it is a nitrogen-fixing bacterium. Within these dominant species, the bacteria with the highest relative abundances across all the samples were A. orazae, Geobacter spp., G. sulffurrducens, and Smithella. Figure 5 shows that the relative abundance and the diversity of the anaerobic microbial community observed in the BTF for samples were collected from port 2 (see Fig.  1 ). During phase I, the most dominant species were A. restrica and A. oryzae (46 and 21%) followed by Geobacter spp. (16%) and Aminivibrio pyruvatiphilus (6%). However, during phase II, no significant sequences of A. restrica were retrieved and the relative abundance of Geobacter spp. reduced to 13%. On the other hand, the amount of A. pyruvatiphilus decreased to less than 1%, while A. oryzae showed a significant increase to 76% and Azonexus spp. and Smithella spp. were significantly detected in 0.6 and 3%, respectively. During phase III, A . o r y z a e , S m i t h e l l a s p p . , C l o s t r i d i u m saccharoperbutylacetonicum, and Geobacter spp. were the dominant species with the relative abundance of 50, 14, 5, and 5%, respectively. With the addition of surfactant in the BTF system, the growth of A. oryzae was greatly enhanced. Furthermore, the addition of the surfactant has inhibited the growth of chloroform-degrading species like A. restrica which were the dominant species during phase I. This effect was clearly noticed when the feed stream chloroform was supplemented with a co-metabolite with a surfactant in the BTFs during phase II, where the concentration of A. oryzae increased significantly from 21 to 76%. Furthermore, the presence of co metabolite during phase II increased the growth of A. restrica than the other dominant species. In general, the relative abundance of A. oryzae increased with the degradation of chloroform which correlates to the corresponding removal efficiency and EC. Hence, in phase II, where ethanol was combined with Tomadol, the average removal efficiency was 64%, and at this higher efficiency, the abundance of A. oryzae also increased to 76%. The percentages of A. oryzae for phase I and III are 21 and 50%, respectively. It is, therefore, speculated that A. oryzae could be the primary bacteria for the dehalogenation of chloroform under conditions of this research.
Conclusion
This research evaluated the effectiveness of BTF for the degradation of chloroform under anaerobic condition. The BTF performance for the chloroform was evaluated for three phases, namely, in the presence of co-metabolite (phase I), in the presence of cometabolite and surfactant (phase II), and the presence of surfactant only (phase III). Enhanced removal efficiency was obtained when surfactant was added to the system together with ethanol (phase II), which provided a removal efficiency of 64% with EC of 0.17 g/ (m 3 h) for a loading rate of 0.27 g/(m 3 h). Consequently, higher reaction rate constants were attained in this phase as compared to the other two phases. The results of the microbial analysis showed a diverse group of bacterial community in the biofilter. From the biological community structure investigation, the presence of cometabolite supports the growth of A. restrica species than others. A mixture of co-metabolite and surfactant benefits the growth of A. oryzae and Geobacter spp. However, the absence of co metabolite greatly encourages Smithella spp. more than A. oryzae and Geobacter spp. The increase in the percentage of A. orazae also correlates with the removal efficiency of chloroform. The overall results obtained for the BTF showed clearly that using both co-metabolite and surfactant had effectively enhanced the biodegradation of chloroform by providing more favorable conditions for the growth of bacteria colonies.
